ABSTRACT: Understanding natural soil redistribution processes is essential for measuring the anthropogenic impact on landscapes. Although meteoric beryllium-10 ( 10 Be) has been used to determine erosion processes within the Pleistocene and Holocene, fewer studies have used the isotope to investigate the transport and accumulation of the resulting sediment. Here we use meteoric 10
Introduction
Insight into natural sediment processes within agricultural areas is often difficult to achieve due to the high impact of human activity on the landscape. However, understanding and predicting natural soil movement is of fundamental importance to evaluate the magnitude of the anthropogenic impact on the Earth's surface. This work aims to measure soil erosion and deposition during the Quaternary period in the White Clay Creek Basin located at the east coast of the United States.
The White Clay Creek Basin is a sub-basin of the Christina River Basin, which is located in the Piedmont Province of southeast Pennsylvania adjacent to the north-western part of Delaware (Figure 1 ). The area has not been glaciated within the last million years (Sevon and Braun, 2000) . The accumulation of meteoric beryllium-10 ( 10 Be) provides information about surface processes within the last million years and allows for the assessment of long-term stability of the landscape (e.g. Willenbring and von Blanckenburg, 2010) . This study uses meteoric 10 Be distribution with depth in soil profiles to not only determine the soil residence times and erosion rates in hilltop areas, but also to study sediment depositional processes in valley wall areas. Low relief hillslopes are expected to have significantly higher 10 Be concentrations than hilltop sites due to substantial 10 Be delivery -not only from the atmospherebut also from sediment transport from upslope, where 10 Be has already accumulated. The soil profiles are also analysed for lead-210 ( 210 Pb) distribution with depth to detect soil reallocation within the last century.
The North American east coast is an excellent location for this study because of the many well-documented records of human land use since European settlement in the 1600s. These records provide great detail on local land use and allow the identification of anthropogenically undisturbed sites. Furthermore, the records give useful information on natural, nonhuman impacted sediment processes within the unglaciated part of the Piedmont Province.
formed between about 1 billion and 600 million years ago (Ashley, 1933) . The major geological unit is the Baltimore Gneiss, a Palaeozoic metasedimentary rock. Since the late Palaeozoic or early Mesozoic, the Piedmont Province experienced constant erosion with several episodes of surface uplift (Ashley, 1933; Hack, 1982) . As a consequence, the landscape is marked by rounded hills with deep soils due to well-weathered bedrock (Ashley, 1933; Newbold et al., 1997 ; Barnes and Sevon, 2002) .
Glacial evidence in the form of eskers, moraines, kettles, boulders and valleys are found in northeast and northwest Pennsylvania (Ashley, 1933; Braun, 2004) . Three glacial advances have been documented in north-eastern and northwestern Pennsylvania within the last million years: pre-Illinoian advance (> 770 000 years), late Illinoian advance (132 000-198 000 years) and Wisconsinan advance (17 000-22 000 years) (Sevon and Braun, 2000) (Figure 1 ). The late Illinoian and pre-Illinoian glacial advance extended 10-30 km further south than the Wisconsinan glaciation within Pennsylvania (Clark and Ciolkosz, 1988) . The Piedmont Province has not been glaciated. However, surface temperature~12°C lower than present created a periglacial climate in most parts of Pennsylvania (Nelson et al., 2007) . Clark and Ciolkosz (1988) reviewed evidence for a periglacial environment during the Wisconsinan glaciation (see Figure 1 ) south of the glacial border. Evidence of a periglacial environment can be found in the form of blockfields and blockstreams between~170-570 m in elevation and as sorted patterned ground (at 701-975 m elevation; Clark, 1968) , both likely to have formed under permafrost, but at a higher elevation than the Piedmont area (100-200 m in elevation). Periglacial blockfields have been documented in six main groups in the highlands (Nelson et al., 2007 , and references cited therein) including, for example, the Blue Rocks blockfield (Hamburg, PA, USA) 70 km north of the study site. This suggests that the ground surface in the Piedmont Province may have experienced multiple cycles of freezing and thawing. Furthermore, gravitational mass movements in the form of periglacial solifluction occurred (Matsuoka, 2001 ; Barnes and Sevon, 2002; Zepp, 2011) . In particular, steep slopes (> 10%) resulted in higher rates of soil erosion compared to gentle slopes in the highlands during the colder periods in the Pleistocene (Ciolkosz et al., 1989) .
Due to the lower altitude and relief in the Piedmont area, periglacial effects can be expected to be less intense than in the highlands (Ciolkosz et al., 1989) . Nelson estimated the elevation of the 13°C isotherm at c. 100 m altitude in the wider study area and found almost all periglacial landforms lay above this altitude. The 13°C isotherm approximates the treeline (Cogbill and White, 1991) , a major geomorphological boundary. Ciolkosz et al. (1989) observed ridge and valley areas in Pennsylvania to be substantially covered by footslope colluvium (27% of the ridge and valley areas). However, a further quantification of sediment processes caused by temperature decrease during the Pleistocene, which resulted in multiple periglacial episodes within the Piedmont Province, has not been conducted.
All of these observations suggest that different processes have operated on soils in the Piedmont Province of Pennsylvania through time. In this study, we use 10 Be and 210 Pb distribution to quantify soil erosion processes in the Piedmont Province. Besides determining erosion rates in the study area, this paper further tests the ability to determine rates of sediment deposition using meteoric 10 Be in soils.
Meteoric

10
Be and 210 
Pb in soil profiles
Meteoric 10 Be is a naturally occurring fallout radionuclide with a relatively long half-life of 1.39 × 10 6 years (Chmeleff et al., 2009) . It is produced in the atmosphere mostly by nuclear spallation of oxygen-16 ( 16 O). Meteoric 10 Be is delivered to the soil surface by wet or dry deposition, where it infiltrates with rain and adsorbs to soil particle surfaces (Willenbring and von Blanckenburg, 2010) . This nuclide has been used to determine 10 Be residence time (Fifield et al., 2010) , soil age (Egli et al., 2010; Ebert et al., 2012) , rates of soil production and erosion (Fifield et al., 2010; Dannhaus et al., 2017; Waroszewski et al., 2018) , hillslope processes (Jungers et al., 2009; West et al., 2013 West et al., , 2014 , sediment transport/tracing (Belmont et al., 2011) and recording of the magnetic field strength (Frank et al., 1997) .
Meteoric 10 Be accumulation within a soil profile records information about soil redistribution processes within an area of interest over timescales up to 10 7 years (e.g. Jungers et al., 2009; Graly et al., 2010 Graly et al., , 2011 Willenbring and von Blanckenburg, 2010) . In turn, meteoric 10 Be accumulation within a soil depends on regolith characteristics (physical and chemical) and on 10 Be supply (sediment deposition, atmospheric delivery, dust). Meteoric 10 Be distribution with depth is influenced by different soil characteristics (Graly et al., 2010; Schoonejans et al., 2017) . These characteristics include, among others, grain size and pH ( Willenbring and von Blanckenburg, 2010) . In addition, a correlation of 10 Be to dithionite-citrate extractable aluminium and iron is observed (Barg et al., 1997; Graly et al., 2010) . Soil profiles from sites that have not been under anthropogenic influence are expected to differ from anthropogenic sites due to a change in soil characteristics (both physical and chemical). In addition, the 10 Be profiles in sediment depositional sites (e.g. valleys) differ from predominantly erosional sites (e.g. hilltops). A comparison of chemical soil characteristics and their environmental background as well as meteoric 10 Be distribution with depth can give valuable information about the sediment movement as well as processes within the sample area. Graly et al. (2010) compared 27 studies working with meteoric 10 Be in soil profiles, which all showed the highest 10 Be concentration in the upper 1.5 m of the soil surface. Furthermore, the authors recognized two general shapes of 10 Be distribution in soil: 'bulge' and 'declining' type profile. In the bulge type profile, the highest 10 Be concentrations are found within the B-horizons (two to three times higher) with a subsequent decline in 10 Be concentration. In comparison, the decline type profile has peak concentrations at the soil surface and a decrease in 10 Be concentration with depth. These decline type profiles are usually found in actively eroding hillslopes or young soils (Graly et al., 2010) . Generally, no significant meteoric 10 Be is present in soil C-horizons (Graly et al., 2010; West et al., 2013) .
The total 10 Be accumulation can be determined by calculating the inventory N (atoms cm À2 ) in the soil profile (Pavich et al., 1985; Graly et al., 2010; Willenbring and von Blanckenburg, 2010; West et al., 2013) :
where n (in atoms g À1 ) is the 10 Be concentration, ρ s (in g cm À3 ) bulk density and l (in cm) the sample length of each interval. This is true for all shapes of 10 Be profiles (Lal et al., 2012) and assumes no inherited 10 Be from bedrock material (Pavich et al., 1985) . Equation (1) will give a minimum inventory, if sampling of the entire 10 Be profile is not assured (Fifield et al., 2010) . Potential 10 Be loss could be related to desorption during changing pH and redox conditions (Pavich et al., 1985) . Furthermore, the time required for 10 Be accumulation (t) can be determined using N, where 10 Be delivery equals 10 Be removal (Graly et al., 2010; West et al., 2013) . For a site with no 10 Be deposition apart from atmospheric 10 Be deposition, t can be calculated as follows:
where λ is the decay constant of 10 Be 5 × 10 À7 yr À1 (Korschinek et al., 2010) , q is the 10 Be fallout flux (or delivery rate) to the soil surface that is assumed to be constant if averaged over long timescales (Graly et al., 2010) . Calculations by Willenbring and von Blanckenburg (2010) based on two models by Field et al. (2006) and Heikkilä et al. (2007) give an approximate delivery rate of 1.2 × 10 6 10 Be atoms cm À2 yr À1 to the Christina River Basin. Equation (3) determines the erosion rate E (in g cm À2 yr À1 ) (Graly et al., 2010) :
where C v is the 10 Be concentration (in atoms g À1 ) of the top sample assuming this is the eroding material. Soil erosion rates can be determined for the hilltop profiles following Pavich et al. (1985) , Brown et al. (1988) , Jungers et al. (2009 ), Graly et al. (2010 , West et al. (2013) and others. Determination of soil age is possible if sediment erosion can be excluded as a possibility and the soil is relatively young, as for example, in a recently deglaciated area (Balco, 2004; Ebert et al., 2012) . For very old soils, which are affected by soil erosion, Equation (2) gives a soil residence time (Bacon et al., 2012; West et al., 2013) . Furthermore, if assuming steady state, soil erosion rate can be determined using the 10 Be inventory, i.e. Equation (3) (Graly et al., 2010) . Steady state assumes equal amounts of 10 Be removed by soil erosion and 10 Be supplied by fallout (Graly et al., 2010) . The utility of 10 Be in evaluating the erosion rates in the Piedmont area in slowly eroding soils has previously been demonstrated by Pavich et al. (1985) , Brown et al. (1988) , Stanford et al. (2000) , Jungers et al. (2009 ), Bacon et al. (2012 and West et al. (2013) .
Lead-210 is a naturally occurring fallout radionuclide that derives from the decay of radium-226 ( 226 Ra) in the uranium-238 ( 238 U) chain (He and Walling, 1997; Mabit et al., 2008; Persson and Holm, 2011) . It deposits via wet or dry deposition and binds tightly to sediment particles, even in acidic conditions (Simms, 1988; Davies, 1992) . The natural origin of 210 Pb results in relatively constant fallout rate through time. The half-life of 210 Pb is 22.3 years, much shorter than the half-life of 10 Be, and is convenient to detect soil redistribution within the last century.
Lead-210 activity is highest at the top of an undisturbed profile and decrease monotonically with depth ( He and Walling, 1997) . However, 210 Pb activity does not usually reach zero due to decay of uranium in soil minerals ('supported 210 Pb'; Aalto and Nittrouer, 2012) . This background 210 Pb concentration can be estimated by comparing different undisturbed profiles and is usually found between 10 and 20 cm depth, although this can vary depending on soil characteristics (e.g. He and Walling, 1997; Mabit et al., 2008 and Perreault et al., 2012) .
Lead-210 has been used widely to determine soil redistribution in various study areas (e.g. He and Walling, 1997; Goodbred and Kuehl, 1998; Aalto et al., 2003; Resner et al., 2011; Aalto and Nittrouer, 2012) and is used here to detect soil redistribution within the last century in order to help understanding 10 Be distribution with depth.
Methodology
Sample collection and analysis
In total, five soil profiles were collected from different environments using a push corer and an auger. Profiles were collected from the following hillslope positions: hilltop, slope and lowland as well as forested or agricultural areas. Profile depths varied from 204 to 310 cm, where the sampling depth depended on the density of the regolith (especially grain size). Four of the profiles came from potentially undisturbed sites (with minimum anthropogenic influence) and one soil profile was collected from an agricultural field. At hilltop sites (Penn Oak, Weather Station), the push corer was able to sample the entire regolith thickness into saprolite. Nine to ten even distributed samples (2 cm homogenized depth intervals) were taken from these profiles (see Table I ), avoiding sand lenses due to grain size dependency and less 10 Be attached to sand particles (Willenbring and von Blanckenburg, 2010) . Valley site profiles contain depth increments of varying size with seven samples per profile, also evenly distributed with depth to gain a representative insight of the 10 Be distribution (Table II) . The clay concentration was measured for the same depth intervals as 10 Be. Prior to 10 Be analysis, soil profiles were analysed for 210
Pb in the facilities of the University of Exeter (UK) in order to determine major soil reallocation within the last century. Lead-210 was determined by measuring polonium-210 ( 210 Po) (granddaughter nuclide of 210 Pb), since these radionuclides should be in secular equilibrium due to their mutual relationship (Bonczik, 2013) . Adsorbed 210 Po was extracted from the sediment by conducting a sequential leaching extraction developed by Aalto and Nittrouer (2012) . Subsequently, 210 Po was auto deposited onto silver planchets and counted for 210 Po on the alpha spectrometer (Ortec Ultra-AS). Grain size was measured using the SediGraph® in the laboratories of the University of Exeter (UK). Citrate-dithionite extractable iron and aluminium measurements were conducted in the laboratories of the University of Exeter (UK) as well as at the University of Minnesota (Minneapolis, MN, USA) after methods from Blakemore et al. (1987) . Beryllium-10 was extracted from the soil utilizing the rapid fusion method of Stone (1998) in the Cosmogenic Nuclide Chemistry Laboratory of the University of Washington (Seattle, WA, USA). Beryllium-10 analysis was undertaken by measuring 10 Be/ 9 Be by accelerator mass spectrometry at Lawrence Livermore National Laboratory. Analytical error and 10 Be background concentration were detected on the basis of three blank measurements. Furthermore, 10 Be/ 9 Be measurements were normalized to the 07KNSTD3110 standard.
Propagation of uncertainty was calculated by taking the square root of the sum of the squared different relative errors as the error of the balance (1%) and the error of the 10 Be measurement (between 0.6 and 2.3%).
Study Sites
Sampling was mainly focused within a single watershed, with most of the soil profiles in the northern part of the White Clay Creek basin (one profile was taken just over the drainage divide in the Red Clay Creek watershed; Figures underneath the bottom of an old oak tree that had recently toppled, exposing bare soil directly under its trunk. The soil is from the Glenelg/Glenville Series, which are ultisols and moderately to well-drained soils. The saprolite underneath is Setters Quartzite, which is part of the Glenarm Group and consists of 80 to 90% of quartz with microcline, muscovite, and biotite (Blackmer, 2005) . According to its size, the tree was probably at least 300 years old, and fell in natural circumstances in the past few years. Due to the fact that the profile was sampled from soil previously located directly underneath the tree, no human induced erosion is expected at this site.
The Penn Oak soil profile originates from a hilltop site in the northeast of the White Clay Creek watershed ( Figure 2C ). The sample site is close to the town's Friends meeting house, with approximately 5 m distance to an old oak tree that is well over 300 years old according to tree rings counted in the field. Since this place is of religious value for the community for many generations no major human induced sediment redistribution is assumed. The soil of this profile is from the Parker Series, an inceptisol, which is marked by well-drained conditions. The saprolite beneath is from amphibolite gneiss. Amphibolite Gneiss is part of the Baltimore Gneiss that is a major geological unit of the study site and is a plagioclase-hornblende-quartzbiotite with local orthopyroxene, clinopyroxene, potassium feldspar and garnet (Blackmer, 2005) . Due to its position on hilltops with moderate slope angles (Table III) , the Penn Oak and Weather Station sample sites are assumed to be constantly eroding and have insignificant soil accumulation.
Valley sites
The valley site profiles are sampled in concave hollows located either on the valley floor or as clear breaks in slope that would tend to collect sediment transported from upslope. The AgField profile was collected in an agriculture field within a sloped area ( Figure 2C ; Table III) and is expected to undergo substantial soil erosion as well as sediment deposition from upslope. Again, it is in the watershed of White Clay Creek. The 'no till' technique is practised within the field for cultivation purposes, which involves soil loosening within a maximum of 45 cm depth with the help of a deep, L-shaped bar (personal communication with farmers). Mushroom compost is the primary soil conditioner and is applied every three years since the year 2000. The profile is like the Weather Station site with a Glenelg/Glenville soil over a Setters Quartzite-derived saprolite.
The Bluebell Meadow profile is the only soil profile taken in the neighbouring watershed Red Clay Creek, just on the drainage divide White Clay Creek (Figure 2) . The sample site is on a strip of woodland that acts as a field boundary located on relatively level land (5% ; Table III ). Similar to the Penn Oak profile, the soil is from the Parker series, a well-drained inceptisol and saprolite is formed from underlying amphibolite gneiss. Immediately adjacent to the sample location sits an ancient oak tree (> 300 years), which implies a relatively undisturbed site. Furthermore, 10 m distant, relicts of an ancient farm track can be observed, although this lies across an equally derelict fence line that has not been in use for a long time. Coring was difficult at this site, in that impenetrable bedrock was encountered multiple times at 70-90 cm depth.
The Wy-Wood study site in Weymouth Woodhole is situated in a forest in a depressed area. The area is assumed to have been forested since and before the European Settlement. This is indicated by maps (from 1937), which show abundant fullgrown trees, suggesting minimal anthropogenic influence on sediment reallocation. The profile was sampled by using a push corer for the first few metres. Deeper samples were sampled with an auger. The soil is from the Glenville Series and therefore a moderately drained ultisol. The saprolite underneath is from Doe Run Schist (Glenarm Wissahickon formation), which is a garnet-staurolite-kyanite pelitic schist with abundant biotite and muscovite (Blackmer, 2005) . The Wy-Wood and Bluebell Meadow profile are expected to show only minor soil erosion but significant soil deposition due to their position on valley floors with only a shallow slope ( Figure 2C , Table III) .
Results
Hilltop profiles (Penn Oak, Weather Station)
The hilltop profiles generally show a declining meteoric 10 Be distribution with depth ( Figure 3 ; Table I ). The majority of the 10 Be inventory is in the first 50-100 cm of the profile. There is no significant 10 Be below 1.5 m. For both profiles, the clay concentration roughly follows the trend of 10 Be. Lead-210 activity generally declines in the Weather Station profile. However, for the Penn Oak profile, increased 210 Pb activity can be found even at greater depth. Further details for the different soil profiles set in relation with the additional data are described later.
Penn Oak
The first 50 cm of the Penn Oak profile shows very high 10 Be concentrations with little variation. This trend is also observed in the clay concentration. Below 50 cm, 10 Be concentration decreases. In addition, clay is enriched in the lower horizon where 10 Be has preferentially accumulated creating a bulge profile (Graly et al., 2010) . Lead-210 activity generally declines within the first 20 cm ( Figure 4B) Aalto and Nittrouer, 2012) . Beryllium-10 concentration sharply declines with depth. Lead-210 activities also decrease gradually with depth ( Figure 4D ), whereas maximum activities of about 44 mBq g À1 are much lower than in all other profiles. Below 4 cm there is a constant 210 Pb activity of about 13 mBq g À1 . Importantly, the base of the Oak contained no taproot, so there was very little tree throw soil disturbance when it fell over.
The pH values were measured for the first 70 cm of the profile near the weather station and the profile was identified as slightly acidic with pH 5.0 (Table I) Pb activity can be observed with the exception of the Ag-Field profile. Each profile is described in detail later.
Bluebell Meadow Beryllium-10 concentrations in the soil profile of Bluebell Meadow display a high variability, potentially reflecting the unusual sampling conditions ( Figure 5 ). The maximum 10 Be concentration is at 60 cm with a gradual decreasing trend below that depth. Generally, the 10 Be inventory is an order of magnitude higher in the profiles sited on valley hollows compared to the profiles of hilltops. Also, maximum concentrations are much higher in valley hollow profiles. The 210 Pb with depth shows high concentration at the top and a decrease with depth. The 210 Pb activity is relatively constant with about 18 mBq g À1 at depths greater than 20 cm ( Figure 4A ). The first 50 cm display a moderate and constant clay concentration, but clay increases below this depth.
Ag-Field
The Ag-Field profile is the only profile that is highly disturbed due to anthropogenic impact ( Figure 6A ). This profile displays very high 10 Be concentration, much higher than all other profiles sampled for this study, with no gradient with depth. The clay concentration is especially high in the first 70 cm, presumably due to agricultural practices in the form of soil loosening that lead to clay migration and clay accumulation in deeper horizons (Scheffer and Schachtschabel, 2010 all profiles in this study, with slightly alkaline conditions (pH 7.8). Overall, there is a decreasing trend in pH towards the bottom of the profile (lowest pH 5.3).
Wy-Wood
This profile has very high 10 Be concentrations at the top of the profile and decreases monotonically from 20 cm to about 100 cm where it rises again gradually with increasing depth to the bottom of the core ( Figure 6B 
Discussion
Hilltops
Both hilltop soil profiles are sited in relatively undisturbed areas. Hence, the meteoric 10 Be inventory or residence time reflects natural conditions within the area. The correlation of clay and 10 Be concentration could be a sign of illuviation of clay with adsorbed 10 Be, or 10 Be is simply adsorbed to previously existing clay. It must be considered that the hilltop profiles are characterized by different lithologies. This can possibly have an influence on 10 Be adsorption and therefore on the 10 Be distribution with depth. It is well known that trees and their roots play an important role on soil formation and mixing locally (Brantley et al., 2017 , and references cited therein). However, soil mixing is assumed to be minor at the Weather Station sample site, since the 210 Pb profile suggests no major sediment redistribution within the last 100 years. Furthermore, 10 Be data indicates no sediment redistribution over the longer timescale at the Weather Station sample site, indicating limited bioturbation.
Anthropogenic disturbances and bioturbation are more likely at the Penn Oak sample site. Subsequently we found that additional soil was added to the surface to protect the roots of the tree given its special value for the residents (personal communication with Dr D. Newbold, Stroud Research Centre, USA). Furthermore, this site has always had public access, for example horses and vehicles parking near the meeting house, potentially leading to sediment redistribution at the site. This would have the effect of shifting the maximum 10 Be concentration deeper in the profile. The slight increase of 10 Be at 50 cm is suggestive of this. The assumption of soil emplacement is supported by 210 Pb data, which records disturbances in the top 10 cm only within the last 100 years ( Figure 4B ). The increase in 210 Pb concentration at 60 cm can be related to gneiss, a uranium bearing rock type (Degens et al., 1957) . Hence, uranium decays to 210 Pb and accumulates in the profile. Despite the slight acidity recorded for the profile near the Weather Station and the unknown pH of the soil within the Penn Oak profile, mobility of meteoric 10 Be due to pH dissolution through the profiles appears unlikely. This is indicated by the fact that (i) 10 Be concentrations at the bottom of both profiles are 4% or less than at the soil surface and (ii) by the general decrease of 10 Be with depth, which both suggest that most of the 10 Be inventory has been sampled (cf. Fifield et al., 2010) . Maximum concentrations fall in the range of other 10 Be studies (e.g. Graly et al., 2010) , but are relatively low for studies within the Piedmont Province (Pavich et al., 1985; Brown et al., 1988; Stanford et al., 2000; Jungers et al., 2009; Bacon et al., 2012; West et al., 2013) . The 10 Be inventory for the Penn Oak profile determined with Equation (1) of 6.70 ± 0.11 × 10 10 atoms cm À2 indicates an accumulation period of 57 000 ± 900 years (Table I) . If the first 50 cm are not included in the determination, due to the possible emplacement of soil to protect the tree roots, a 10 Be inventory of 4.32 ± 0.08 × 10 10 atoms cm À2 is determined, which in turn is 36 000 ± 700 years. The Weather Station sample site has a 10 Be inventory of 3.08 ± 0.05 × 10 10 atoms cm À2 indicating a 10 Be accumulation time of 26 000 ± 400 years ( Table I ). The differences in 10 Be within the two hilltop profiles are presumably associated with differences in lithology (soil/rock type) and/or the local topographic conditions given that the Penn Oak sample site is situated on a flatter area and may have received soil from upslope ( Figure 2C ). Calculated 10 Be inventories and residence times are an order of magnitude lower than reported for other sites in the eastern United States (Graly et al., 2010) . Our data suggest that 10 Be has accumulated during the late Pleistocene, and certainly during the last glacial period (Sevon and Braun, 2000) . The lower 10 Be inventory compared to other studies in the Piedmont Province and is probably the result of the site (see text for further information). Note that samples from below 100 cm were collected from material in a fissure in otherwise hard bedrock, and the sample at 60 cm may reflect illuviation on top of that bedrock.
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location on hilltop sites where constant erosion occurs. A further factor reducing the 10 Be inventory could be the sampling method used for this study. Only 2 cm intervals at different depths within the profiles were taken, rather than choosing larger intervals with bulk sampling of the entire profiles, as conducted in other studies (Graly et al., 2010) . Consequently, layers with very high 10 Be concentration might have been missed, resulting in a lower calculated inventory. However, sand lenses with presumably less 10 Be attached (grain size effect; Willenbring and von Blanckenburg, 2010) were avoided that could possibly influence the 10 Be inventory. More samples were taken within the first 50 cm of the profile where higher 10 Be concentration is expected as observed by Graly et al. (2010) . At greater depth a sample was taken approximately every 50 cm.
No
10 Be elution into the saprolite is expected, so we assume sampling of the entire 10 Be profile. Assuming steady state soil erosion can be determined using Equation (3). First, the 10 Be concentration of the eroding material (C v ) has to be assumed in order to calculate erosion rates using this approach. The 10 Be inventory of the surface samples (taken at 10-12 cm of depth) within the hilltop profiles is assumed to be representative for the eroding material, which is then deposited on valley sites. For the Penn Oak profile, scenarios with both a declining and also a bulge 10 Be profile are considered. The resulting erosion rates were 22 ± 0.28 mm 10 À3 yr (≙3.12 ± 0.04 10 À3 g cm À2 yr À1 ) assuming a bulge profile and 14 ± 0.28 mm 10 À3 yr (≙2.53 ± 0.05 10 À3 g cm À2 yr À1 ), respectively, considering a declining profile within the Penn Oak sample site and neglecting the first 50 cm due to possible 
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soil emplacement (see discussion earlier). The Weather Station site has an erosion rate 17 ± 0.25 mm 10 À3 yr (≙2.36 ± 0.04 10 À3 g cm À2 yr À1 ). Soil movement (e.g. caused by solifluction) would likely be limited within these two sample sites due to their flat topography -removal of 10 Be is solely driven by sediment erosion since 10 Be dissolution is thought to be minor (see earlier). Soil production rates and sediment removal are in equilibrium within the Piedmont area according to Pavich et al. (1985) , and making that assumption here implies a soil production rate of around 18 ± 0.27 mm 10 À3 yr (average of the erosion rates determined for the two hilltop sites). These rates are slightly higher than those found for the Piedmont area by Stanford et al. (2000) West et al., 2013) . Furthermore, the erosion rate is relatively low compared to mountainous regions such as the Alps with 30 mm 10 À3 yr (Schaller et al., 2002) , the Himalayan mountain belt 1200 mm 10 À3 yr (Vance et al., 2003) and the southern Alps of New Zealand with even 2500 mm 10 À3 yr (Larsen et al., 2014 ). Higher erosion rates are related to the higher slopes in these tectonically active areas (Leser, 1977) , thinning soils and thereby increasing soil production rates. In contrast, the landscape in the Piedmont Province is tectonically quiescent since the late Paleozoic or early Mesozoic (Hack, 1982) . This has resulted in a smooth, rounded landscape ( Barnes and Sevon, 2002) covered with relatively thick soils hence no major erosion is expected without the influences of anthropogenic impact.
Valley sites
The 10 Be soil profiles sampled in the valleys are more complex than the hilltop profiles, in that the concentrations do not simply decline with depth. This is because the sample sites have received substantial episodic sediment contribution due to their location on foot slopes or other mid-slope breaks. These additions from upslope greatly increase the total inventory, which consequently includes more than just meteoric 10 Be fallout content directly on the site.
Lead-210 indicates negligible soil redistribution within the last century at the Bluebell Meadow sample site due to an undisturbed declining profile (He and Walling, 1997) . However, the increase of clay as well as iron and aluminium towards the bottom of the profile may suggest soil leaching during pedogenesis, which also has consequences for the 10 Be distribution with depth. This interpretation is also supported by relatively low pH values (pH 4-4.5). Sampling of the profile was difficult due to large blocks of quartzite at depth. These unconformities in the soil structure probably influenced clay movement within the soil profile, especially in regard to the deeper samples. Furthermore, due to the proximity to an historic farm path nearby this sample site, anthropogenic disturbance within the first few centimetres of the soil profile is a possibility.
Within the Ag-Field profile 210 Pb analysis reflects the agricultural nature of the soil within the last century and records soil mixing up to a depth of 40 cm (He and Walling, 1997 ; Figure 4E ). The high pH presumably reflects the application of lime by the farmer for agricultural purposes.
The Wy-Wood profile shows no soil mixing within the last century according to the 210 Pb activity. Although 10 Be generally decreases with depth, concentrations are much higher than for the hilltop profiles and suggest substantial sediment supply within the timing of 10 Be accumulation (Table II) .
The increased maximum 10 Be concentration in the valley site profiles compared to the hilltop profiles are presumably caused by net sediment accumulation that occurred over time in the lower areas. However, in all profiles sited on valley hollows, the 10 Be concentration is relatively higher at the bottom. Therefore, it is most likely that the entire inventory has not been sampled and 10 Be exists at even greater depths than the current profiles have been sampled. For this reason, 10 Be inventories determined for valley hollow profiles probably underestimate the total inventory.
Sediment that is deposited at the valley sites comes from sediment erosion in the hilltop soils that supply 'inherited' 10 Be in addition to 10 Be accumulated at the site. To assess accumulation times, the 10 Be concentration of the delivered material has to be known, which may be estimated from the hilltop profiles. The Penn Oak and Weather Station profiles have similar surface concentrations of 4. 7 and 5 .0 × 10 8 atoms g À1 , which are the maximum values for the profiles. This ignores the first 50 cm of the Penn Oak profile that is presumably recently added (see earlier). Since sediment erosion and production is assumed to be in equilibrium, and the hilltop sites were selected for the minimal anthropogenic influence, the concentration of 4.84 ± 0.08 atoms g À1 is an appropriate value to represent the 10 Be 'inherited' concentration through time. However, 'steady state' erosion during the glacial period is unlikely due to the short age of the soil. Therefore, modern topsoil has presumably higher 10 Be concentration than during glacial periods. Radioactive decay of 10 Be can be neglected due to the short period of observation, considering a 10 Be residence time in soil of 9.73 million years (Graly et al., 2010 
This further enables an identification of changes in 10 Be accumulation and therefore changes in sediment deposition. A change in sediment deposition occurs whenever there is an increase in 10 Be concentration with depth and allows the determination of 'sediment packages' with a certain inventory ( 10 Be t ): a constant supply of 10 Be fallout and soil deposition (with 10 Be in attached) to a depositional site has a constant concentration with depth as a consequence. If soil deposition comes to a halt, only 10 Be supply by fallout occurs, 10 Be accumulates and a meteoric cap (high concentration at the top and decrease with depth) can evolve.
Using Equation (4) for the different 'sediment packages' and substituting into Equation (2), gives the period of 10 Be accumulation (see Figures 5 and 6 for results). The period of accumulation is assumed to be minimum due to the use of 10 Be concentration of modern topsoil for 'inherited'
10 Be, since topsoil from glacial period is expected to have a lower 10 Be concentration (see earlier). There is much uncertainty within the Bluebell Meadow profile and soil redistribution as suggested by 10 Be concentration with depth. However, all three profiles suggest substantial 10 Be accumulation ages for 12 000 to >78 000 years, where 0.5-2 m of sediment is deposited, which results in an average accumulation rate of 125 cm per 39 000 years. Much of this accumulation appears to have occurred during the Wisconsinan glaciation, dated 17 000-20 000 years ago (Sevon and Braun, 2000) . During this period, the periglacial area may have extended to the Piedmont area with permafrost on hilltop areas, enhancing sediment erosion due to continuous cycles of soil freezing and thawing (cf. Zepp, 2011) . Hence, solifluction processes could have led to major soil mobilization and sediment deposition in the valleys. During the present interglacial period, the rate of sediment deposition has decreased because of increased vegetation cover and only 10 Be a accumulates due to atmospheric fallout. Sediment deposition in periglacial environments of 0.5 to 2 m during one glaciation (80 000 years) is likely (Matsuoka, 2001) . Sediment erosion is assumed to be minor on the sample site of the Wy-Wood and the Bluebell Meadow profile during the last 80 000 years due to low relief energy ( Figure 2C) . However, the sample site of the Ag-Field is situated on a sloped area ( Figure 2C ) and therefore sediment erosion is likely, which implies a higher soil accumulation rate than detected. Uncertainties due to spatially varying lithology, climate variations as well as human interference and bioturbation must also be considered as stressed for the hilltop profiles. However, considering the study area is relatively flat, this sediment accumulation may be realistic (Clark and Ciolkosz, 1988) .
Conclusions
This study shows that an analysis of 10 Be distribution in soil profiles provides insight into natural soil mobilization processes of an area over millennial timescales. Quantification of these natural processes is a necessary step towards evaluating post-settlement anthropogenic impacts on the landscape. Beryllium-10 distribution with depth in undisturbed settings allows determination of natural soil erosion and redeposition within the Quaternary. Moreover, knowing the 10 Be inventory in eroded hilltop soils allows determination of timing of sediment deposition in valley hollow sites, if:
• incoming material has a relatively constant 10 Be activity, which can be assessed using hilltop profiles, • vertical sediment mixing within the sample site is minimal, • 10 Be pH dissolution is relatively minor.
Investigations of the anthropogenic history of the sample sites are a requirement before sampling to minimize the influence of human impact on soil redistribution and ensure that natural conditions are documented. Subsequently, 10 Be distribution can be compared with the last million years of soil formation and landscape evolution. Long-term (>10 3 years) changes in sediment supply through glacial and interglacial periods, can be detected and the timing of soil accumulation determined.
The following main conclusions can be drawn concerning the soil dynamics in the Piedmont Province:
• The hilltop soils formed in the last 26 000-57 000 years and likely experienced constant erosion.
• Soil erosion and production rates are 14-21 mm 10 À3 yr; classifying these sites as slowly eroding soils (Graly et al., 2010) .
• Valley hollow profiles display changes in sediment supply to the sites, which can be related to long-term climate change since the last glacial period.
• Sediment deposition of at least 0.5-2 m occurred during the Wisconsinan glacial period.
